A functional crosstalk between epigenetic regulators and metabolic control could provide a mechanism to adapt cellular responses to environmental cues. We report that the well-known nuclear MYST family acetyl transferase MOF and a subset of its non-specific lethal complex partners reside in mitochondria. MOF regulates oxidative phosphorylation by controlling expression of respiratory genes from both nuclear and mtDNA in aerobically respiring cells. MOF binds mtDNA, and this binding is dependent on KANSL3. The mitochondrial pool of MOF, but not a catalytically deficient mutant, rescues respiratory and mtDNA transcriptional defects triggered by the absence of MOF. Mof conditional knockout has catastrophic consequences for tissues with high-energy consumption, triggering hypertrophic cardiomyopathy and cardiac failure in murine hearts; cardiomyocytes show severe mitochondrial degeneration and deregulation of mitochondrial nutrient metabolism and oxidative phosphorylation pathways. Thus, MOF is a dual-transcriptional regulator of nuclear and mitochondrial genomes connecting epigenetics and metabolism.
INTRODUCTION
Cells use compartmentalization for functional segregation of major metabolic processes. This relies on an orchestrated communication between the nucleus and cytoplasm. A key metabolic hub in the cytoplasm is the mitochondrion, a unique organelle with genetic contributions from two (nuclear and mitochondrial) genomes. The mammalian mtDNA is circular and is compacted into nucleoids. Transcription of the mtDNA is governed by a dedicated nuclear-encoded machinery, which includes a RNA polymerase (POLRMT) and is assisted by transcription initiation factors TFB1M and TFB2M (Shutt and Shadel, 2010 ). TFAM, a major nucleoid component, is also critical for mtDNA transcription and replication. Recently, a number of nuclear transcription factors (e.g., STAT3, CREB, NF-kB, and MEF2D) have been reported to localize in mitochondria. Such ''bi-organellar'' transcription factors are often involved in mtDNA (gene) expression, electron transport chain activity, and apoptosis (Szczepanek et al., 2012) . However, their possible roles in the coordinated function of the nucleus and mitochondria remain largely unknown.
Interestingly, mitochondria can also influence nuclear transcription by supplying metabolites (such as SAM, Acetyl-CoA, and ATP) that facilitate epigenetic alterations of chromatin structure/dynamics. Reversible histone acetylation is a prominent epigenetic modification playing diverse roles in several cellular processes. In particular, acetylation of lysine 16 of histone H4 (H4K16ac) is important for chromatin de-compaction and transcriptional activation (Shogren-Knaak et al., 2006; Kalashnikova et al., 2013) . MOF (males absent on the first; also known as MYST1 or KAT8) is the major lysine acetyl transferase (KAT) responsible for deposition of H4K16ac in flies and mammals (Gu et al., 1998; Hilfiker et al., 1997; Taipale et al., 2005) . It resides in distinct, evolutionarily conserved transcription regulatory complexes, namely the MSL (male specific lethal) and the NSL (non-specific lethal) complexes. They dictate MOF's enzymatic activity and target selection (Cai et al., 2010; Mendjan et al., 2006; Raja et al., 2010) . In flies, MOF-MSL complex is involved in regulation of X-chromosomal genes (Conrad and Akhtar, 2011; Lucchesi and Kuroda, 2015) . However, association with KANSLs (members of the NSL complex) radically broadens MOFs regulatory spectrum to target constitutively active genes located on all chromosomes, a function that is remarkably conserved from flies to mammals (Chelmicki et al., 2014; Feller et al., 2012; Lam et al., 2012; Ravens et al., 2014) .
Despite broad chromatin binding, many of the MOF-targeted genes remain unaffected upon MOF depletion (Chelmicki et al., 
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Cell 167, 722-738, October 20, 2016 723 2014). In fact, MOF can adopt different roles in different contexts (Chen et al., 2014; Kapoor-Vazirani et al., 2008; Li et al., 2009; Sykes et al., 2006) , which imply hidden nuances to MOF's molecular functions and an inherent sensitivity to its environment. So, when a classically nuclear KAT like MOF is associated with an array of complex metabolic processes like cell division (Taipale et al., 2005) , DNA-damage repair (Gupta et al., 2005) , and autophagy (Fü llgrabe et al., 2013) , it has to be sensitive to cellular cues. The question is how. The most direct way of MOF's rapid response to different information cues would require its intraorganellar mobility between the nucleus and the metabolic signaling hubs in cytoplasm. This has been previously demonstrated for deacetylases, which play a regulatory role in cellular homeostasis by localizing in different cellular compartments (Backs et al., 2006; Di Giorgio and Brancolini, 2016) . However, a ''non-nuclear'' function of MOF has not been described to date.
In this study, we investigated a possible role of MOF beyond nuclear gene transcription. We detect a significant pool of MOF, as well as members of the NSL complex, KANSL1 and KANSL3, in the mitochondria. Gene-expression analysis of MOF-depleted cells revealed that MOF regulates expression of genes involved in oxidative phosphorylation (OXPHOS) in aerobically respiring cells. Depletion of MOF/KANSL1 causes significant downregulation of mitochondrial DNA (mtDNA) transcription and subsequent translation, leading to impaired cellular respiration. Importantly, mitochondrial transcriptional and respiratory defects can be rescued by a mitochondrially tethered MOF, but not its catalytic mutant (E350Q), indicating that MOF's enzymatic activity is important for mitochondrial function. We demonstrate the relevance of MOF-mediated mitochondrial regulation in vivo by generating a conditional MOF knockout mouse in heart and skeletal muscle. These mice die of acute cardiomyopathy within 3 weeks of birth and show mitochondrial degeneration. Thus, we provide an unprecedented role of MOF acetyl transferase in mitochondrial transcription regulation. By regulating transcription in two cellular compartments, MOF could play an important role in coordinating epigenetic regulation and metabolic control.
RESULTS

MOF, KANSL1, and KANSL3 Are Localized in Mitochondria
We reviewed the sub-cellular distribution of MOF and two KANSL complex members (KANSL1 and KANSL3) by confocal microscopy in HeLa cells and found a significant population of all three proteins in the cytoplasm, in addition to their welldocumented nuclear locale. The cytoplasmic signals were reminiscent of typical organelle staining. To verify this, we co-labeled cells for MOF/KANSL1/KANSL3 along with MitoTracker (which labels mitochondria) and microtubules, two organelles known to form distinct tubular networks in cells. All three proteins showed definitive mitochondrial localization ( Figures 1A-1C ). MOF and KANSL3 showed homogenous nuclear distribution and the non-nuclear signal largely localized to mitochondria. Interestingly, the signals were punctate and not uniform (Figures 1A and 1B) , similar to the staining pattern of certain mitochondrial proteins. KANSL1, however, exhibited homogenous mitochondrial staining ( Figure 1C ). We further confirmed mitochondrial localization of the proteins using multi-color 3D highresolution structured illumination microscopy (HR-SIM) and biochemical fractionations (Figures S1A-S1C). Antibody specificity was verified by knockdown studies (Figures S1D, S1E, and S2A-S2C). Interrogation of sub-mitochondrial localization of the KANSL proteins by proteinase K protection assay revealed that KANSL3 was restricted to the inner mitochondrial membrane/matrix ( Figure 1D ), but MOF showed dual localization at the outer membrane, as well as mitochondrial matrix/inner membrane ( Figure 1D , see Discussion). Taken together, these results establish that, in addition to the nucleus, MOF and KANSL3 reside in mitochondria.
KANSL Proteins Possess Mitochondrial-Targeting Signals
Proteins residing in mitochondria frequently contain mitochondrial-targeting sequences (MTS) (Omura, 1998) . We thus investigated amino acid sequences of core human NSL members (see STAR Methods) and found putative MTS in KANSL3 and KANSL2 ( Figure 1E ). To test their functionality, import assays were performed on isolated yeast mitochondria with in-vitro transcribed KANSL3 and KANSL2. Due to technical difficulties of in vitro synthesis of the 878-aa-long KANSL3 protein, we worked with its truncated version, starting from the putative MTS. Remarkably, we found that radiolabeled KANSL3 derivative (205-878 aa) and full-length KANSL2 were imported into isolated mitochondria by several criteria (Figures 1F and 1G) . First, the proteins were transported to a protease-protected location. Second, the import occurred in a membrane-potential-dependent manner, which is a hallmark of protein transport to the mitochondrial inner membrane and matrix. Third, removal of the predicted MTS abolished import of KANSL3 (238-878 aa) and KANSL2 (41-492) ( Figures 1F and 1G) . Finally, the import of [ 35 S] KANSL3 (205-878 aa) was reduced in mitochondria lacking a major preprotein receptor of the translocase of the outer mitochondrial membrane, TOM20 ( Figure S3A ). (D) Proteinase K (Prot. K) protection assay of HeLa cell mitochondria. Extent of digestion was determined by blotting for key intra-mitochondrial proteins (HSP60, CYT-C, TOM20). IMM, inner mitochondrial membrane; IMS, inter-membrane space; OMM, outer mitochondrial membrane. Triangles, specific protein. Cross, isoform/post-translationally modified version of the protein. See also Figures S1C-S1E. (E) Representative diagram of MOF, KANSL3, KANSL1, and KANSL2 with major domains/features (predicted) that are important for mitochondrial localization. (F and G) Import assays were performed using in vitro synthesized (F) We could not find a canonical MTS in MOF. However, we could identify a strong nuclear localization signal-NLS1 in MOF (see STAR Methods; Figure 1H , cartoon). We hypothesized that, in the absence of a strong nuclear bias, a cryptic MTS of MOF (if present) would drive its enrichment in mitochondria. We tested this hypothesis by studying intracellular distribution of MOF-sfGFP (superfolder green fluorescent protein; stable cell lines) with wild-type (WT) or mutated NLS1 (DNLS1). Remarkably, MOF(DNLS1)-sfGFP largely localized to mitochondria, in sharp contrast to the nuclear bias of MOF(wtNLS1)-sfGFP ( Figure 1H ). Therefore, in the absence of NLS1, the localization of MOF is swapped from the WT scenario with a newfound bias for the mitochondria over the nucleus, indicating that the presence of buried mitochondrial-targeting information. Taken together, these data demonstrate that MOF, KANSL2, and KANSL3 are bona fide residents of mitochondria and contain mitochondrial-targeting information.
MOF Depletion Affects OXPHOS Gene Expression in
Aerobically Respiring Cells MOF/KANSLs are well-known transcription regulators in the nucleus. Their presence in mitochondria makes it plausible that they may regulate mitochondrial gene expression. In glucosesupplemented media, cells use aerobic glycolysis for energy. However, if grown in galactose, cells switch to mitochondriabased OXPHOS for ATP synthesis and effectively increase their sensitivity to mitochondrial insults (Robinson et al., 1992) . We reasoned that, in case the cellular respiratory strategy is under MOF control, its knockdown might trigger media-dependent alterations in transcriptional regulation of mitochondria. We therefore adapted HeLa cells to glucose/galactose media before performing transcriptome analysis on MOF-depleted cells ( Figure 2A ).
We observed a large overlap in the number of deregulated genes in two media sets (Figure 2A , right, marked as I). Of the commonly affected genes, a majority showed similar expression trends ( Figure 2B , scatterplot, gray dots) with few divergent genes ( Figure 2B , scatterplot, green dots). Interestingly, OXPHOS genes were downregulated in galactose and remained unaffected in glucose ( Figure 2B , left heat map). Analysis of genes selectively deregulated in galactose media (Figure 2A , II from Euler plot) revealed that two of the most significantly affected pathways were OXPHOS (p = 2.24EÀ10) and mitochondrial dysfunction (p = 3.55EÀ09) ( Figure 2C , in red). In contrast, similar analysis performed on genes affected exclusively in glucose did not reveal similar findings ( Figure S3B ). Importantly, the possibility of an inherent transcriptional bias was ruled out, since there was no significant difference in mitochondrial RNA levels between siSCRAM controls of the two media ( Figure 2D ).
So far, we had scored a clear defect in mitochondrial OXPHOS in galactose media. To understand the full impact of MOF knockdown (galactose) on mitochondrial respiration, we generated network maps (see STAR Methods) of critical mitochondrial regulatory pathways, like mitochondrial biogenesis, organization, morphology, mass, quantity/size, and mtDNA replication (Figure 2E) . We found that-although some key genes, like TFAM, PRDX3, and CAV2 were mildly downregulated-they did not result in significant inhibition (high-confidence prediction) of any of the analyzed pathways. We could predict upregulation of mitochondrial biogenesis and mass, which might be more of a cause than a consequence of OXPHOS gene deregulation. Thus, evaluation (gene expression) of vital pathways influencing mitochondrial respiration did not account for the downregulation of OXPHOS genes, implying a more direct impact of MOF on their transcription.
The OXPHOS machinery is a unique amalgamation of components from two different genomes. While most of its constituent proteins are transcribed from nucleus, few (13) core enzymatic modules are supplemented by the mtDNA. Since our Figure 2A ). y axis shows Z score of enrichment, and the x axis indicates the ratio of representation of genes of a particular pathway. Bubble size is directly proportional to the significance of discovery (Àlog10 p value). Mitochondriaassociated pathways are highlighted in red. See also Figure S3B . (D) Violin plots representing log10 reads per kilobase million (RPKM) value of expression of all mitochondrial and oxidative phosphorylation (OXPHOS) genes in glucose (blue) and galactose (yellow) media. Scramble controls from the two media sets were overlaid for analysis. (E) Analysis of protein networks associated with mitochondrial health in siMOF (galactose) samples. The analyzed mitochondrial pathways are involved in its organization, mass, DNA replication, morphology, biogenesis, quantity, and size. (F and G) Relative mtDNA transcript levels along with key nuclear encoded mitochondrial regulatory factors in control (siSCRAM, white) and (F) RNA-sequencing (RNA-seq) strategy was based on poly-A enrichment, we were unable to enrich for all mtDNA-transcribed mRNAs (MT-mRNAs). Therefore, we performed qRT-PCR to study MT-mRNA levels after MOF depletion in glucose and galactose media. Consistent with RNA-seq data, mtDNA genes were globally downregulated in siMOF galactose ( Figure 2F ) and remained unaffected in siMOF glucose (data not shown). Furthermore, siMOF cells showed no significant change in levels of key mitochondrial regulatory factors like POLRMT, TFAM, or MTPAP and only a slight decrease in MTERF and NRF1 levels ( Figure 2F ), a fact corroborating with siMOF-galactose RNAseq data. We also observed a comparable global downregulation of mtDNA transcripts levels in KANSL1 (representative NSL member)-depleted cells ( Figure 2G ). Notably, we could exclude the possibility that altered mtDNA contents affect transcription levels in siMOF and siKANSL1 samples ( Figure 2H ). Taken together, these data show that MOF directly regulates expression of OXPHOS genes of both nuclear and mtDNA. Next, we assessed the impact of MOF/KANSL1 loss on mitochondrial translation. Blue native electrophoresis showed reduced formation of respiratory supercomplexes in MOF-and KANSL1-depleted cells ( Figure S3C ). In vitro translation assays with freshly isolated mitochondria from siMOF and siKANSL1 samples (galactose) revealed reduced mitochondrial polypeptide synthesis ( Figure S3D ). Steady-state levels of nuclearencoded OXPHOS subunits/regulators remained largely unaffected ( Figures S3E and S3F ).
Loss of MOF and KANSL1 Leads to Impaired Mitochondrial Respiration and Reduced MT-RNA Synthesis To assess the functional impact of MOF/KANSL1 loss on mitochondria, we first evaluated the overall fitness of the organelle by scrutinizing its membrane potential in galactose. siMOF/ siKANSL1 samples showed significant membrane depolarization ( Figures 2I and S3G ), a strong indicator of mitochondrial dysfunction. In light of OXPHOS gene deregulation, it was highly likely that the electron transport chain was impaired. We thus performed in vivo cellular respirometry assay using the Seahorse XF96e flux analyzer on HeLa cells. When comparing the respiration profiles of siSCRAM control with siMOF/siKANSL1 cells, we observed reduced respiration in the knockdown cells. Appropriate drug sensitivity implies that individual complexes are still functional, albeit with lowered efficiency ( Figure 2J ). Basal, as well as ATP-linked, respirations were significantly reduced in the knockdown samples, but there was no difference in respiratory coupling efficiency or the respiratory control ratio between control and knockdown cells ( Figure 2K ). Incidentally, these phenotypes were observable also in glucose conditions (data not shown). siMOF cells did not show any significant defect in the major fuel-consumption pattern ( Figure S4A ), dismissing flawed nutrient utilization as a trigger for observed defects. In conclusion, depletion of MOF/KANSL1 reduces mitochondrial respiration.
Steady-state RNA levels are a reflection of two antagonistic processes: RNA synthesis and decay. Hence, reduced MTmRNA levels of siMOF/siKANSL1 samples might be due to impaired RNA synthesis and/or increased turnover. To distinguish between the two, we labeled nascent RNA with 5-ethynyl uridine (EU) to monitor the dynamics of RNA synthesis and turnover in MOF/KANSL1 depleted cells (Figures 3A and 3B, see STAR Methods) . Cytoplasmic 18S rRNA was considered a control. We observed that loss of MOF/KANSL1 impairs synthesis of MT-RNAs (CYTB, ND5, and 12S rRNA) without affecting their stability ( Figures 3A and 3B ). Global levels of major mtDNA transcriptional and replication regulators remained unaffected in siMOF cells ( Figures 3C and S3F) . Thus, MT-RNA synthesis is impaired in the absence of MOF /KANSL1, resulting in reduced MT-RNA levels.
MOF and KANSL3 Bind mtDNA
The transcriptional data raised the possibility that MOF might affect the function or recruitment of mitochondrial proteins on mtDNA. To test this hypothesis, we developed in organello mtDNA immunoprecipitation (mtDIP) technique (see STAR Methods) for identifying mtDNA binding factors. We performed mtDIP to probe for mtDNA binding of transcription (POLRMT, TFB2M, and MTPAP) and replication (POLG and SSBP) factors ( Figure 3D and 3E) in siMOF cells. The data were normalized to TFAM, an integral component of mitochondrial nucleoids. The distribution of TFAM itself was tested with multiple probes encompassing the mtDNA ( Figures S4B-S4D ). Previously, we had identified KANSL3 in the mitochondrial matrix. As it often functions in cooperation with MOF, we performed parallel experiments in KANSL3 knockdown background. We observed that MOF and KANSL3 depletion had no effect on the recruitment of any of the interrogated factors in glucose medium (where we also did not observe a transcriptional defect upon MOF loss) ( Figure 3D ). Strikingly, in galactose media, we observed accumulation of signal of mtDNA transcription regulators, POLRMT, TFB2M, and MTPAP, but not components of the replication machinery ( Figure 3E ). Interestingly, chemically impaired mtDNA transcription leads to similar accumulation of transcription factors ( Figures S4E-S4G ), indicating that transcription is compromised upon loss of MOF/KANSL3 (also see Discussion).
These results, coupled with known DNA-binding properties of MOF/KANSL3, raised the interesting possibility of MOF and KANSL3 associating with mtDNA. High-functional conservation of NSLs prompted us to first check for mtDNA binding in published mouse ESC ChIP-seq profiles of MOF, KANSL3, and MCRS1 (Chelmicki et al., 2014) . We focused on mtDNA-specific reads, which were filtered out in original analyses. MOF and KANSL3, but not MCRS1, signals were enriched on the non-coding region (NCR) of mouse mtDNA ( Figure 3F ). Consistently, human MOF/KANSL3 mtDIP signals were maximally enriched on the NCR of human mtDNA (Figures 3H and S4H) . Incidentally, this region is associated with regulation of mtDNA transcription and replication (Mercer et al., 2011) . Signal specificity was verified by its sensitivity to MOF/KANSL3 depletion. Though the MOF/KANSL3 binding mirror each other, only MOF shows dependency on KANSL3 and not vice versa ( Figures 3I and S4I ), resonant of their co-occupied nuclear targets (Chelmicki et al., 2014) . Finally, we visualized MOF-mtDNA association by 3D HR-SIM ( Figures S5A and S5B ). The speckled pattern of the MOF-sfGFP signals was similar to that observed before for endogenous MOF ( Figure 1A ). In conclusion, MOF and KANSL3 associate with mtDNA in both human and mouse cells.
Mitochondrial Pool of MOF Can Rescue Respiratory Defects
To study the contribution of mitochondrial pool of MOF more concretely in respiration, we generated various sfGFP-tagged MOF-derivative (inducible) cell lines ( Figure 4A ). Particularly, we enforced MOF transport to mitochondrial matrix by fusing a synthetic COX4A MTS (referred to as MTS from here on) at its N terminus. Unfortunately, the MTS was insufficient to fully restrict WT MOF to mitochondria, so we generated additional cell lines with mutated NLS1 (DNLS1; mentioned in Figure 1H ) ( Figure 4A , IV and V). A catalytic mutant (E350Q) version of MTS-MOF(DNLS1) was also generated.
We first verified doxycycline (DOX)-induced protein expression for all cell lines ( Figures S5C and S5D ). Then, parallel MOF/SCRAM knockdowns were performed in different cell lines, followed by respirometry study ( Figure 4B , see STAR Methods). In the Figure 4C immunofluorescence panel, we present the intracellular distribution pattern of every cell line in a separate row. Adjacent to them, the respiratory profiles of respective lines are shown, both with and without DOX induction ( Figure 4C , respiratory curves). Following siMOF treatment, all cell lines showed significant reduction in basal respiration ( Figure 4D , left graph), indicating their inherent response to MOF depletion. DOXinduced transgene expression ( Figure 4D , right graph) led to the following important conclusions: (1) respiratory defects were not rescued by simple application of DOX or sfGFP expression in control cell lines (wtHeLa and sfGFP); (2) ectopic expression of MOF rescued basal respiration, indicating that the respiratory defects are a direct consequence of MOF loss; (3) mitochondrial pool of MOF is sufficient to rescue the phenotype; (4) finally, the mitochondrial pool of catalytic mutant (E350Q) MOF could not rescue the respiratory defects. A similar outcome was recorded for respirometry studies on glucose-adapted cell lines ( Figure S5E ). Taken together, these data provide strong evidence for a functional significance of MOF in mitochondria and the need for its enzymatic activity in mitochondrial respiration.
Mitochondrial Pool of MOF Can Rescue mtDNA Transcriptional Defects
We next wanted to investigate the role of mitochondrial MOF in mtDNA transcription. Accordingly, we adopted a rescue strategy like the one used before ( Figures 5A and 5B). Following MOF loss (and DOX induction), MT-mRNA levels were restored in wtMOFexpressing cells ( Figure 5C ), implying a direct role of MOF in mtDNA transcription. At this point, it is important to consider two possible scenarios. First, nuclear and mitochondrial MOF may either work independently or cooperatively to regulate MT-RNA levels. In the latter case, mitochondrial MOF would at best only show partial rescue. Second, in spite of common polycistronic origin, individual MT-mRNAs are differentially regulated (Mercer et al., 2011) . It is thus possible that distinct pools of MOF may vary in their influence on different MT-mRNAs. Importantly, these two scenarios are not mutually exclusive.
To assess the impact of mitochondrial MOF, catalytically active and mutated versions of MOF: MTS-MOF(DNLS1)-sfGFP and MTS-MOF(DNLS1, E350Q)-sfGFP, respectively, were used in further studies ( Figure 5B ). As shown in Figure 5D , both MOF derivative lines show similar expression levels after DOX induction, making them suitable for comparison. Interestingly, the cells regulate the levels of the ectopically expressed MOF derivative based on the presence or absence of the endogenous protein ( Figure 5E ). This difference was more prominent in cells expressing the KAT-active version of the protein compared to the E350Q ( Figure 5E , MOF lower exposure, lanes 3 and 4 versus lanes 5 and 6).
Transcriptional rescue experiments revealed that ND4 and ND6 mRNAs are rescued by mitochondrial MOF, but not its catalytic mutant version ( Figure 5F ). These proteins are critical for functional assembly of the respiratory complex I with single-point mutations leading to pathological outcomes (Perales-Clemente et al., 2010; Kirches, 2011) . Incidentally, a previous study had demonstrated that cells with a mutated ND6 gene show reduced OXPHOS and fail to grow in galactose media (Bai and Attardi, 1998) . Thus, downregulation of ND4 and ND6 will clearly compromise mitochondrial function. Additionally, we observed partial rescue of CYTB and COX1 mRNAs by catalytically active mitochondrial MOF and not its mutant counterpart ( Figure 5F ). These data indicate a cooperative role of two pools of MOF (nuclear and mitochondrial) on some mtDNA transcripts. Thus, the mitochondrial pool of MOF is sufficient to rescue mtDNA levels, and this function is reliant on its KAT activity. Thomas et al., 2008) . Therefore, using muscle creatine kinase (MCK or Ckm)-driven Cre (Brü ning et al., 1998), we generated cardiac-and skeletal-muscle-specific conditional Mof knockout (KO) mice. The Ckm promoter expression starts from E13 (Lyons et al., 1991) and is highly limited to cardiomyocytes and skeletal muscles, reaching maximal levels by P10 (Trask and Billadello, 1990) . Mof KO mice show Mendelian distribution and develop normally with no apparent morphological defects during the first week after birth. However, their behavior changed dramatically from P10 onward; they displayed decreased spontaneity, extreme frailty, physical inactivity, and high sensitivity to even minor stress conditions, with several KO mice dying unexpectedly during handling. Most KO mice died within P16-P23, with peak mortality around P17.
Mof Deletion in Murine Hearts
Mof deletion (Figures S6A and S6B) led to loss of H4K16ac staining in cardiomyocytes, widely observed from P10 and complete by P16 ( Figure 6A ), coinciding with the onset of the cardiac phenotype. Post-mortem examination revealed that the mutant mouse hearts displayed signs of hypertrophy, with cardiac dilation ( Figure 6B ), higher heart-to-body-weight ratio ( Figure 6C ), and an increased cardiomyocyte cross-sectional area ( Figures  6E and S6C ). In parallel, progressive accumulation of interstitial fibroblasts and collagen fibers was observed in KO hearts (Figures 6D and S6D) . Remodeling of the extracellular matrix was accompanied by elevated levels of connective tissue growth factor (Ctgf) and periostin (Postn) mRNA in mutant hearts ( Figure S6E ).
Cardiomyocytes in neonatal mice undergo karyokinesis without cytokinesis (acytokinetic mitosis), forming binucleated cells up to P10 (Soonpaa et al., 1996) . As MOF is known to be involved in cell-cycle regulation (Taipale et al., 2005) , we checked for the relative cardiomyocyte nuclei content in KO hearts from postnatal day 5-9 and found no difference from the control animals ( Figure S6F ). Hence, cardiomyocyte proliferation is normal in KO hearts. Echocardiography of KO hearts showed strongly decreased cardiac function with left ventricular dilation (Figures S7A and S7B and Movie S1).
Mitochondrial Degeneration Follows Mof Deletion, Causing Loss of Myocytes in Heart and Spindle Fibers in Skeletal Muscles
Mof-deleted hearts show rapid deterioration in health, with cardiac failure by P17. We reasoned that the days preceding death would provide valuable insight into the pathophysiology of phenotype. Consequently, we performed electron microscopic (EM) analysis on cardiac sections of P15 KO and control Mof +/+ and Mof +/À mice. While the control hearts looked normal ( Figure 6F , top), sections from KO hearts displayed a wide spectrum of mitochondrial alterations. The severity of the phenotype ranged from regions with no observable defects to heavily degenerated cells. We noted a general trend of overall increase in lipid droplet (LD) deposition, even in otherwise-intact regions ( Figure 6F, I ). Often, cardiomyocytes showed a mixture of normal and dysfunctional (swollen) mitochondria with intermittent glycogen deposition ( Figure 6F , II). At the other end of the spectrum, we noted mitochondria at various stages of degeneration ( Figure 6F , III and IV).
Mitochondria are the major source of reactive oxygen species (ROS) in the heart. Hence, we used ROS deposition as a readout of mitochondrial dysfunction. KO heart sections showed significant (p < 0.001) increase in dihydroethidium (DHE, an indicator of ROS) levels, starting from as early as P10 ( Figure 6G) .
The Ckm Cre is also active in skeletal muscles. However, there was no gross morphological defect in the skeletal tissues of the KO mice (data not shown). EM analysis of skeletal muscle (hind limb) sections (control tissues, Figure S7C , top) from P15 mice mostly showed mild to no alterations in mitochondrial morphology ( Figures S7C and S7I ) except a specialized tissue region known as the spindle fibers or muscle spindles (Figure S7C, II) , which presented severe mitochondrial degeneration, evocative of cardiomyocyte sections ( Figure 6F ). These intrafusal fibers are embedded within the typical (extrafusal) muscle fibers and remain continuously active to maintain muscle tone. Surprisingly, we noted significant (p < 0.001) elevation of ROS levels ( Figure S7D ) in skeletal sections of P13 KO mice. These data suggest that loss of MOF can have variable impact on mitochondria of different cell types in the same organ, correlating with the usage of organelle. In conclusion, loss of MOF causes mitochondrial dysfunction, which is aggravated by high usage of the organelle.
Mitochondrial Pathways Are Downregulated in
Mof-Deleted Cardiomyocytes What triggers the rapid cardiomyopathy of Mof-deleted hearts? To gain a molecular insight into this question, we performed RNA-seq analysis on P15 cardiomyocytes. Briefly, nuclei isolated from control and KO P15 mice hearts were sorted by FACS to obtain pure cardiomyocyte nuclei for RNA-sequencing ( Figure 7A ). Gene set enrichment analysis (GSEA) of differentially expressed genes (FDR < 0.05) was performed to identify significantly affected pathways ( Figure 7B ). Strikingly, a bulk (8/11) of the downregulated pathways transpire in mitochondria, essentially affecting energy production (oxidative phosphorylation) and nutrient (lipid or amino acid) metabolism. Of the upregulated pathways, transcriptional activation of signaling cascades associated with hypertrophy (NF-kB, MYC signaling etc.), fibrosis (focal adhesion, collagen formation), or cardiomyocyte degeneration (apoptosis, p53 signaling) was seen. These findings are consistent with the phenotype of progressive cardiac myopathy.
To filter out the primary effects of Mof KO, we used previously generated (mESC) MOF ChIP-seq data (Chelmicki et al., 2014) and identified MOF-bound (differentially expressed) targets to be used in subsequent analysis. We first focused on mitochondrial genes, since mitochondrial dysfunction was implicit from GSEA. We found that 42% (608/1432) of these genes are bound by MOF ( Figure 7C, I ). Of the later gene set, the affected subset (184) showed both upregulation and downregulation ( Figure 7C , II) of expression. Interestingly, a closer inspection of the associated mitochondrial pathways revealed a similar trend as observed before with GSEA ( Figure 7C, III) . It is thus implicit that affected genes coding for mitochondrial proteins are mostly under direct regulation of MOF.
Next, we examined the major regulatory networks affected by Mof deletion. Using an MOF-bound gene list, we performed causal network analysis (in IPA) for identifying gene clusters co-regulated by a master regulator ( Figure 7D ). Based on the trends of individual genes of the network, Z scores for pathway activation or inhibition (positive or negative, respectively) were determined. In many cases, the master regulator itself remained unaffected. We observed activation of MAP4K4, as well as FGFR1 network, both associated with hypertrophic cardiac remodeling. Additionally, a major oxidative stress response pathway, NRF2, was also activated. On the other hand, mTORC2/RICTOR (important for cardiac structure maintenance and mechanical stress response), PPARA (critical for myocardial energy and lipid metabolism), and KLF15 (negative regulator of myocardial hypertrophy) were moderately deactivated. It is noteworthy that the implicated networks remained significant even when the entire dataset (with all differentially expressed genes) was considered. Consistent with the phenotypic data, hypertrophic signaling emerged as a prime outcome of Mof deletion at the molecular level. Lastly, network analysis (see STAR Methods) of the beta-oxidation pathway revealed that relatively few molecules (9/84) were affected in the represented gene set ( Figure 7E , left). Yet, this led to predicted inhibition of the PPAR (PPARA, PPARD, and PPARGC1) master regulatory network and effectively the pathway. Similarly, we also generated a common network map for the mitogen-activated protein (MAP) kinases involved in cardiac functionality ( Figure 7E, right) . We observed Ras-complex upregulation, which had a positive regulatory effect on the entire MAPK network. In summary, the molecular effect of Mof deletion could be broadly classified into two groups: (1) induction of networks triggering cardiac remodeling (hypertrophy) and (2) defects in lipid-based energy metabolism.
DISCUSSION
In this study, we report the presence of a functional pool of the nuclear lysine acetyl transferase MOF in mitochondria. We identified bona fide MTS in two NSL members (KANSL2 and KANSL3). MOF and KANSL1 showed mitochondrial localization, but no clear MTS was detected in them. It might be that MOF/KANSL1 have cryptic internal targeting signal, as seen in CREB, p53, yeast BCS1 protein, HSP10, and ISD11 (Leigh-Brown et al., 2010; Vö gtle et al., 2009) . Alternatively, KANSL2/KANSL3 or mitochondrial chaperones may facilitate their transport to mitochondria.
Interestingly, we noted two populations of MOF in mitochondria: in the inner matrix and at the outer membrane. The latter can simply be an uncleaved version of the protein. But it can also be a functional isoform or a post-translationally modified version of MOF. Future work into mitochondrial targeting and dynamics of these proteins would help in understanding their function in the organelle.
In the absence of MOF/KANSL1, MT-RNA synthesis is reduced, while RNA stability remains unaffected, resulting in reduced (steady-state) levels of the MT-RNAs. Mitochondrial translation is also impaired. The physiological outcome is mitochondrial depolarization and compromised respiration. Consistently, RNA-seq analysis of siMOF (galactose) cells revealed mitochondrial dysfunction and OXPHOS deregulation. MOF/ KANSL3 depletion (galactose) causes increased accumulation of critical mitochondrial transcription factors like POLRMT, TFB2M, and MTPAP (Bestwick and Shadel, 2013) on mtDNA. The replication factors (POLG and SSBP) were not affected. Thus, mitochondrial transcription machinery assembly on mtDNA is sensitive to MOF/KANSL3 levels. We speculate that, in the absence of MOF/KANSL3, the mitochondrial transcription factors are blocked or ''stuck'' and cannot be efficiently released from DNA. MOF/KANSLs may either physically interact with or facilitate post-translational modification of members of the transcription machinery. Alternatively, MOF may act by some other as-yet-unknown means.
A mitochondrial pool of MOF was sufficient to rescue respiratory and transcriptional defects (triggered by Mof loss). Importantly, a catalytic mutant (E350Q) version of the same was unable to rescue the phenotypes, suggesting a functional importance of the MOF's enzymatic activity in mitochondria. This provides the first step toward understanding the importance of MOF's enzymatic activity in mitochondrial function. In the future, it will be important to address how MOF's enzymatic activity is involved in mitochondrial homeostasis.
MOF shows remarkable functional plasticity by association with different proteins. While MOF/MSL complex selectively acetylates H4K16, MOF/KANSL complex shows broader substrate specificity and acetylates histone H4 on K5, K8, K12, and K16 residues on reconstituted nucleosomes ( Figures S7E  and S7F ). Therefore, it is highly likely that the mitochondrial (A) Sections of control and KO mouse hearts from P10 and P16 animals. Cell membrane is stained with wheat germ agglutinin (WGA, yellow), and the nucleus is stained with DAPI (blue) along with anti-H4K16ac (magenta). The enclosed area within P16 image panel is shown at a higher magnification on its right. White arrowheads denote DAPI-stained cardiomyocyte nuclei, positive or negative for H4K16ac staining. (B) H&E-stained transverse sections of ventricles from P16 control and KO mice. (C) Heart-to-body-weight ratios of P16 control (white bars, n = 27) and KO mice (red bars, n = 8). Error, ± SEM. Unpaired t test, ***p = 0.0051. (D) H&E staining of heart sections to observe cardiac cytoarchitecture of (P10 and P16) control and KO mice. Black arrows, regions with cardiomyocyte disarray. Figure S7D . See also, Figures S6A-S6F , S7A, S7B, and Movie S1. pool of MOF and KANSL proteins have additional functions and possibly new acetylation targets. We can extrapolate from their functions to predict critical roles of MOF/KANSLs or their signatory acetylation marks in other cell types with highenergy demands, such as neurons (Rugarli and Langer, 2012) . Interestingly, transient upregulation of H4K12ac is essential for hippocampus-based learning, and its misregulation is implicated in age-related memory impairment in Alzheimer models (Plagg et al., 2015) . Additionally, a striking example is provided by the KANSL1 haploinsufficiency syndrome, called Koolen-de Vries (or 17q21.31 microdeletion) syndrome (Koolen et al., 2012) . The key features of this disorder, namely neurological/developmental impairments, multi-organ dysfunction, tissue heterogeneity, and variable severity, are also classical hallmarks of mitochondrial diseases. In fact, all of these symptoms are variably displayed in a constellation of mitochondrial disorders.
In our current work, using cardiac and skeletal tissue models, we reveal that, following Mof depletion, there is variability in clinical presentation of phenotypes across different tissues, correlating with its energy consumption. Mouse cardiomyocytes are packed with mitochondria ($37%) and occupy 75% of the heart's volume (Barth et al., 1992) , making them highly reliant on mitochondrial energy synthesis. While the heart is primarily aerobic and has one of the highest metabolic rates ($440 kcal/kg/day), skeletal muscle is chiefly glycolytic and has low resting metabolic rates ($13 kcal/kg/day) (Wang et al., 2010) . The divergent phenotype(s) observed in the two organs provide a great insight into the role of MOF in mitochondrial respiration. This is supported by recent reports of downregulation of MOF in failing human and murine hearts (Qiao et al., 2014) . However, how the nuclear and mitochondrial pools of MOF contribute to regulation of transcription and energy metabolism in complex tissues will be an important avenue for future studies.
In conclusion, the presence of MOF and KANSL proteins in mitochondria sheds new light into functioning of this versatile complex in contextual gene regulation. We propose the MOF and KANSL proteins may serve a sensory function to coordinate gene expression in both the nucleus and mitochondria based on the cellular metabolic status ( Figure 7F ). We expect that future work on the function of these proteins can contribute to understanding the dynamics of environment-induced epigenetic changes in cellular functions.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Triton (Sigma #T8787)/ PBS solution for 5 min at 22-25 C, before blocking for 1 hr with 5% BSA (Sigma #BSAVHS-RO) in 0.05% Triton/ PBS solution. All primary antibodies were incubated overnight for staining at 4 C in the same blocking solution. Next day, they were washed, stained with appropriate secondary antibodies for 1hr and washed again before imaging. Washes were of 5 min each in 0.05% Triton/PBS solution, thrice after primary and secondary antibody incubations. For cells stained with MitoTracker red CMXRos dye (Life technologies #M7512), mitochondria were labeled with 1 mM of the dye for 1 hr at 37 C and 5% CO 2. Prior to fixation, they were washed twice with 1x PBS. Primary antibodies against Tubulin (Millipore #41117, abcam #44928 & Santa cruz #53029), DNA (abcam #ab27156) and TOM20 (Santa cruz #11415) were used. Antibodies against MOF (Taipale et al., 2005; Pfister et al., 2008) , KANSL1 and KANSL3 (Mendjan et al., 2006) have been described previously. DAPI and the secondary antibodies (Alexa Fluor 647 and 488 conjugates) were from Molecular Probes. Confocal images were acquired with Zeiss Observer Z1, an inverted spinning disk microscope equipped with CSU-X1 scan head (Yokogawa) and an EM-CCD camera, using standard filter sets. Images were analyzed using CellProfiler software (http://cellprofiler.org). Note: We could obtain specific (knockdown sensitive) immunofluorescence signals for MOF, KANSL1 and KANSL3 only with antibodies mentioned in this section. Other commercially available antibodies (used in rest of the paper) were incompatible with our staining protocols.
Multi-color 3D high-resolution structured illumination microscopy (HR-SIM) Samples were prepared in the same manner as described before. Images were acquired in Elyra PS1 microscope, which combines structured illumination module and LSM780 confocal scanning unit (Carl Zeiss), with a Plan-apochromat 100x oil 1.46 N.A. objective, and an Andor iXon DU 885 EM-CCD camera. Image stacks were acquired sequentially: first, HR-SIM images in far-red and green channels (642 and 488 nm excitation, respectively, and standard filter cubes), then confocal images in blue channel to visualize DAPI staining (excitation at 405 nm, emission 415-480 nm); voxel size and field of view of confocal images was set to exactly match those of HR-SIM images (50nm 3 50nm 3 100nm). Raw HR-SIM data were processed with Zen black 2012 software (Carl Zeiss) with automatically selected processing parameters; both super-resolved SIM and wide-field images were extracted from raw HR-SIM data. All color channels were aligned using reference images of multi-color fluorescence beads, which were acquired on the same day as respective experimental images.
Prediction of mitochondrial targeting sequences
We used MitoFates (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi) software to identify amphipathic alpha helices and TOM20 binding sites on proteins. Mitochondrial targeting sequence (MTS) for KANSL2 was determined using MitoProt II (https://ihg.gsf.de/ihg/ mitoprot.html). MitoProt II software searches for sequence features associated with mitochondrial pre-sequences, as well as possibility of a cleavage site to make its predictions. As, Glu or Asp is often found within set distances from these sites, the software's search window is restricted to the amino acid preceding them. For KANSL3, the MTS was not determined with full-length protein.
Based on the hypothesis that it might contain buried and/or uncleaved MTS (thus undermining the Glu or Asp based search criteria), we tweaked our search parameters and presented the software with sequentially cleaved versions of the protein. Thorough analysis of the first 500 amino acids of the protein, by recalculating the probabilities after removing one amino acid at a time, we revealed the cryptic MTS of human KANSL3.
MTS often possess a distinctive arrangement of hydrophobic and hydrophilic amino acid residues on opposite surfaces of a a-helix, typically located at the N terminus. We identified such amphipathic helices in all four NSL members analyzed. TOM20 binding sites were also predicted for MOF, KANSL2 and KANSL3 ( Figure 1E ). However, characteristic properties of a clear MTS were only identified for KANSL2 and KANSL3 ( Figure 1E ).
Prediction of nuclear localization signal (NLS)
Importin a-dependent nuclear localization signal (NLS) of hMOF (458 amino acids) was predicted using cNLS mapper software (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). The entire length of the protein was included in the search and only predictions above the cutoff score of 6.0 were considered. Two NLS sequences were predicted-(1) position 140-RNQKRKHDEI, score 10.5 and (2) A bipartite signal starting at position 177-KYVDKIHIGNYEIDAWYFSPFPEDYGKQPKLW, score 6.7. They were denoted as NLS1 and NLS2 respectively in the manuscript ( Figure 1H, bottom) . Based on the prediction scores, we concluded NLS1 to be stronger of the two. Mutant form of NLS1 (DNLS1), used in different experiments has following sequence: ANQAAAHDEI. Of note, NLS2 coincides with MOF's HAT domain, where mutations would lead to loss of function or instability of the protein (Kadlec et al., 2011) .
Western blotting
Western blots were performed on different extracts as mentioned in the figures. Except kit based extracts, all other cellular lysates were prepared in same buffer (20mM HEPES pH7.4, 150mM NaCl, 1mM EDTA, 0.1% NP40 and 10% glycerol) .
MOPS-based denaturing PAGE were used in western blots. Primary antibodies used MOF (Bethyl #A300-992A), KANSL1 (Abnova #PAB20355), KANSL3 (Sigma #HPA035018), MCRS1 (Proteintech #11362-1-AP), GAPDH (Bethyl #A300-641A), COX4 (Cell signaling #4850), TOM20 (Santa cruz #sc-11415), H3 (abcam #ab1971), H4K5ac (Millipore #07327), H4K8ac (Active motif #39243), H4K12ac (Millipore #07595), H4K16ac (Millipore #07329), Pan acetyl lysine (Cell signaling #9441), TFAM (Millipore #ABE483), POLRMT (A) (abcam # ab93102), POLRMT (B) (Acris antibodies # GTX105137), TFB2M (Acris antibodies # GTX107714), MTPAP (Acris antibodies # GTX70156), POLG (Acris antibodies # GTX100398), SSBP (Proteintech #12212-1-AP). HP1 was a kind gift from T.Jenuwein; CYT-C, HSP60, NDUFA9, GRP75, MIA40 were raised in rabbits and the immunosignals were verified by western blotting using isolated mitochondria.
Protein import into yeast mitochondria For in vitro import assays the yeast strains YPH499 and tom20D (Becker et al., 2011) were grown in YPG medium (1% (w/v) yeast extract, 2% (w/v) peptone, 3% (v/v) glycerol) and mitochondria were isolated by differential centrifugation (Wenz et al., 2015) . The precursor proteins were labeled with [
35 S] methionine by in vitro translation using cell free translation extract based on rabbit reticulocyte lysate (TNT, Promega). The radiolabeled precursor was incubated with isolated yeast mitochondria at 30 C in the presence of import buffer (0%-3% (w/v) BSA, 250 mM sucrose, 80 mM KCl, 5 mM MgCl 2 , 5 mM methionine, 10 mM KH 2 PO 4 , 10 mM MOPS-KOH pH 7.2) containing 4 mM ATP, 2 mM NADH, 5 mM creatine phosphate and 100 mg/ml creatine kinase (Becker et al., 2011; Wenz et al., 2015) . The import reaction was stopped by dissipation of the membrane potential with 8 mM antimycin A, 1 mM valinomycin and 20 mM oligomycin. Subsequently, non-imported precursor proteins were removed by incubation with proteinase K (final concentration of 20-50 mg/ml). The protease was inactivated by addition of PMSF to a final concentration of 1 mM. Mitochondria were re-isolated, washed with SEM-buffer and lysed under denaturing conditions. The radiolabeled proteins were detected by SDS-PAGE and autoradiography.
Blue native electrophoresis
For blue native electrophoresis, mitochondria were solubilized in 1% (w/v) digitonin in lysis buffer (20 mM Tris/HCl pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% (v/v) glycerol) for 15 min on ice. Insoluble material was removed by centrifugation and subjected to blue native electrophoresis.
Cellular fractionation and knockdowns
Cellular fractionation to prepare cytosolic, mitochondrial, and nuclear extracts was performed using a kit (abcam #ab110170), according to manufacturer's instructions. siRNA mediated knockdowns were performed following standard protocols on 40% confluent HeLa cells (glucose or galactose adapted for minimum 2 weeks), using XtremeGENE siRNA transfection reagent (Roche). For MOF, KANSL1 and KANSL3 knockdowns, two siRNAs were mixed in equal proportions before experiment. Cells were harvested/ imaged after 3.5 days of knockdown.
Functional mitochondria isolation and purification
Mitochondrial isolation from cultured cells was based on a protocol modified from (Johnston et al., 2002) and all experiments were performed on maximally 80%-90% confluent dishes. Briefly, cells were first harvested by scraping in PBS on ice. Cell pellets were then suspended in 5x pellet-volume chilled mitochondria isolation buffer (MIB-20 mM HEPES-KOH pH 7.4, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA and 2 mg/ml BSA), supplemented with protease inhibitor mix (Roche) and dounced 20-30 times in type-B glass homogenizer. Nuclei and unbroken cells were pelleted at 800 g/ 10 min/ 4 C. Mitochondria was precipitated from the supernatant by centrifugation at 10,000 g/ 20 min/ 4 C. Crude mitochondrial pellet was washed twice with chilled mitochondria wash buffer (MWB-20 mM HEPES-KOH pH 7.4, 220 mM mannitol, 70 mM sucrose and 1mM EDTA), before protein estimation and usage in downstream protocols. For localization verification studies, crude mitochondria were further purified using discontinuous (15%-50%) percoll (GE healthcare #17089101) gradient. Pure mitochondria were obtained from 22%-50% gradient interface, washed twice in MIB to remove percoll and used immediately in assays or stored at À80 C. Unless otherwise stated, all chemicals were purchased from Sigma.
In organello translation in isolated human mitochondria The procedure of in organello translation in human mitochondria was modified from (Ferná ndez-Silva et al., 2007) . Isolated mitochondria were incubated in reaction buffer (25 mM sucrose, 75 mM sorbitol, 100 mM KCl, 1 mM MgCl 2 , 0.05 mM EDTA, 10 mM Tris/HCl pH 7.4, 10 mM K 2 HPO 4 , 10 mM glutatamte, 2.5 mM malate, 1 mM ADP, 1mg/ml BSA) containing 100 mg/ml cycloheximide and an amino acid mixture lacking methionine (final conc. 20 mM) for 5 min at 37 C. To start the reaction 35 S-labeled methionine was added and the samples were incubated for different time periods at 37 C. The in organello translation was stopped by addition of cold methionine (10 mM final conc.) and incubation for 5 min at 37 C. Subsequently, mitochondria were re-isolated and washed twice with 320 mM sucrose, 1mM EDTA and 10 mM Tris/HCl pH 7.4. The mitochondrial pellet was lysed under denaturing conditions and proteins were detected by Tris/Tricine-SDS-PAGE and autoradiography.
Proteinase K protection assay Freshly isolated mitochondria were the starting point of this assay. First, 100 mg of mitochondria were suspended in 100 ml of each of the three following buffers: (1) Iso-osmotic (10 mM MOPS-KOH pH 7.2, 250 mM sucrose, 1 mM EDTA), (2) Hypo-osmotic (10 mM MOPS-KOH pH 7.2, 1 mM EDTA) and (3) Membrane perforated (10 mM Tris-HCl, 1mM EDTA, 1% Triton X-100). 20 mg/ml proteinase K was added to each of them and incubated for 15 mins on ice. Reactions were stopped with 20 mM PMSF; samples (1) and (2) were spun down at 10,000 g/ 15 min/ 4 C and pellets were collected. All three reaction sets were then solubilized in final 1x Laemmli loading buffer and made up to equal volumes before loading onto 4%-12% Bis-Tris gradient gels (Life technologies). Solutions were made using chemicals purchased from Sigma.
Nucleic acid extraction and quantitative RT PCR All steps were performed using appropriate kit protocols. For cultured cells: RNA was extracted using Trizol reagent (Life technologies #10296010) and treated with Turbo DNase (Life technologies #AM2238) before performing reverse transcription using SuperScript III enzyme (Invitrogen #18080093). In experiments with parallel analysis of DNA, all prep DNA/RNA kit (QIAGEN #80204) was used and the RNA was processed as before. DNA was treated with RNase (Thermo # EN0531) before analysis. Quantitative real-time PCR was performed with FastStart SYBR mix (Roche #04913850001). For mouse tissues: RNA was isolated using the RNeasy fibrous tissue kit (QIAGEN #74704); reverse transcription and qPCR were performed using appropriate QIAGEN reagents.
RNA decay and turnover experiment
The experiment is divided into four major stages as follows: Stage 1, Knockdowns & RNA labelling MOF and scramble (control) knockdowns were performed with specific siRNAs in the same manner as mentioned before. After 72 hr of knockdown cells (RNA) were labeled with 0.2 mM 5-Ethynyl uridine (EU) in the following manner: RNA synthesis study-Samples were labeled with EU supplemented growth media for either 4 hr (T1) or 5 hr (T2), without replacing the media. For analysis, the relative RNA synthesis was calculated for 5 hr over 4 hr pulse duration. RNA turnover study-Samples were labeled with EU supplemented growth media for 3 hr (pulse, P). Next, they were washed with normal culture growth media and allowed to grow for 24 hr (chase, C) in the label-free growth media. RNA samples: T1, T2, P and C were harvested for each sample set by Trizol following manufacturer's instructions. From here on, the Click-iTâ Nascent RNA Capture Kit (Thermo #C10365) protocol was followed with slight modifications to the manufacturer's protocol. Stage 2, RNA tagging 500 ng RNA was used in a Cu (I) mediated click reaction. At this stage, only EU labeled RNA population (synthesized during the labeling periods of stage1) was tagged with biotin. The click reaction was performed in 10 mM Tris-Cl buffer (pH 8.4), instead of the kit-supplied buffer, for 2 hr at 25 C. Rest of additives were added according to the manufacturer's instructions. Stage 3, Tagged RNA capture 100 ng biotinylated RNA from previous stage was pulled down using MyOne T1 Streptavidin beads, following the manufacturer's protocols. Stage 4, cDNA synthesis The captured RNA on the streptavidin beads was converted to cDNA with random hexamers and RT mix mentioned before. qPCR analysis was performed in the same manner as mentioned before.
Determination of mitochondrial membrane potential by JC-1 staining JC-1 is a potentiometric dye, which at low concentrations exists as a monomer emitting green fluorescence (525 nm). At higher concentrations (above Jm$80-100 mV), it forms reversible aggregates (J-aggregates) and emits red fluorescence (590 nm). To determine mitochondrial membrane potential cells were stained live in normal growth media with 10 mg/ml of JC-1 for 10 min at 37 C and imaged according to manufacturer's instruction. For analysis, at least 100 cells were selected form each field of view.
Bioenergetic profiling of cells Cellular respiration was studied using the Seahorse XFe 96 analyzer (Seahorse Biosciences, Agilent technologies) using manufacturer's recommended protocols. Briefly, 20,000 (galactose adapted) or 40,000 (glucose adapted) cells were seeded in assay microplates, the night before. Next day, the cells were incubated in 160 ml of assay media, at 37 C in a CO 2 free incubator for 1 hr, just before the assay run. The plates were assayed on the XFe 96 analyzer, to calculate oxygen consumption rate (OCR) over time after sequential addition of different respiratory poisons. All respiratory drugs were purchased from Sigma; their final concentrations in the assay were: oligomycin (1 mM), FCCP (0.5 mM), rotenone (1 mM) and antimycin A (1 mM). After the run, assay media was removed and cell were lysed for analysis. The data were normalized with protein estimation (Bradford assay, Bio-Rad). We also validated the same with DNA normalization and found no difference. Fuel dependency and flexibility assay The assay was performed using Seahorse XF Mito Fuel Flex Test Kit (Seahorse Biosciences #103260-100) following the manufacturer's protocols. The assay media was matched to the cellular growth condition. Final concentrations of various inhibitors used is as follows: Mitochondrial pyruvate carrier inhibitor, UK5099-2 mM; Glutaminease I inhibitor, BPTES-3 mM; carnitine palmitoyltransferase 1A inhibitor, Etomoxir-4 mM.
Assay media composition XF Base media (Seahorse Biosciences # 102353-100) was used to prepare the assay media. To this, 1 mM Sodium Pyruvate, 4 mM GlutaMax was added along with a following sugar concentration (depending on the cell growth conditions): a) Galactose adapted cells-10 mM galactose b) Glucose adapted cells-5.5 mM glucose All additives were purchased from Sigma.
mtDNA immunoprecipitation (mtDIP)
We developed mtDIP protocol with modifications to previously described ChIP technique (Chelmicki et al., 2014) . *Described before in mitochondria isolation protocol. Fixation Mitochondrial pellets* were crosslinked in 1% formaldehyde (Thermo) for 9mins at RT, with gentle rotation. The reaction was quenched with (0.125 M) glycine for 4 min and mitochondria were spun down at 10,000 g/ 20 min/ 4 C. The pellets were washed twice with chilled MWB* before estimating their approximate dry weight. Extract preparation Mitochondrial pellets were suspended in 20x (w/v) RIPA lysis buffer (1x PBS, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS) with protease inhibitors (Roche). mtDNA was sheared for 20 cycles, high settings in Bioruptor (Diagenode). Alternatively, they were sheared in Covaris (E220). 20-25 mg of mitochondria (dry weight) was sheared in 1 ml volume with following settings: burst-200 / duty cycle-20% / power-150 W / time-300 s. The appropriate cycle number (minimum number) was decided just after we observed the disappearance of 16Kb mtDNA into a smear. We estimated the DNA amount in every 1mg (dry weight) mitochondrial extract and used 1 mg mtDNA for IP. Immunoprecipitation The extract was pre-cleared in 20 ul of beads (pre-equilibrated with RIPA) for 1 hr at 4 C and beads were spun down. IP was performed on the supernatant, with 4 mg of primary antibody at 4 C, overnight. Next day, 20 ml of RIPA-equilibrated beads were added to the extracts and incubated for 3 hr at 4 C.
Washing and Elution
The beads from last step were washed in following scheme-4x, 15 min each, with RIPA; 2x, 1 min each, with LiCl buffer (250 mM LiCl, 10 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5% NP-40 and 0.5% DOC); 2x, 1 min each, with TE buffer (1mM Tris-Cl pH 8.0 and 1 mM EDTA). The beads were then subjected to RNase and proteinase K digestion in NaHCO 3 / SDS elution buffer and decrosslinked for 6h or overnight at 55 C. Finally, DNA was purified from the elution buffer, using kit-based protocol (PCR purification kit, QIAGEN). qPCR analysis was performed using FastStart SYBR mix (Roche) with input DNA used for normalization. Antibodies used MOF (Bethyl #A300-992A), KANSL3 (Sigma #HPA035018), TFAM (Merck Millipore #ABE483), POLRMT (A) (abcam # ab93102), POLRMT (B) (Acris antibodies # GTX105137), TFB2M (Acris antibodies # GTX107714), MTPAP (Acris antibodies # GTX70156), POLG (Acris antibodies # GTX100398), SSBP (Proteintech #12212-1-AP).
Ethidium bromide (EtBr) treatment Cells were treated with 250 ng/ ml ethidium bromide diluted in the cell culture media for 6 hr. Following the treatment, samples were processed for western blotting or mtDIP as per protocols mentioned before.
Data visualization of mouse ChIP-seq profiles ChIP-seq analysis was performed as described in Chelmicki et al. (2014) . Circos software (http://circos.ca/software/) was used to visualize the binding of the ChIP signals on mouse mtDNA (mm10).
Rescue experiments
To address the question whether mitochondrial pool of the protein can rescue, we generated specific inner membrane/ matrix tethered constructs. Since, the specific localization was a major crux of the experiment, we used the well-established COX4 mitochondrial targeting sequence, MTS: (MLATRVFSLVGKRAISTSVCVRAH) as a synthetic tether. This has been very well established as a mitochondrial matrix tether sequence. Previous publications have verified its targeting properties by electron microscopic visualization (Martell et al., 2012) as well as mass spectrometry analysis (Rhee et al., 2013) .
Experimental Optimization MOF and scramble (control) knockdowns were performed in different cell lines. Trial experiments had revealed that increasing MOF expression beyond endogenous levels were detrimental for mitochondrial health. So, the rescue experiments were performed in a manner so as to have least increment of MOF levels. To rescue a phenotype, the respective cell lines were induced by supplementing 0.1 mg/ml doxycycline (DOX, Sigma # D9891) in culture media for initial 48 hr of knockdown (D0 to D2, knockdown). This was followed by 48 hr of ''recovery'' in normal (DOX free) growth media. The specific assays on the cells were performed in the same manner as mentioned before in methods. (B) anti-KANSL1 (green) along with anti-TOM20 (magenta) for mitochondria and DAPI (blue) for nucleus. Merged image sets represent combination of all three channels. Wide field fluorescence image of the (MOF/KANSL1 staining, green) is shown in first column of (A) and (B) . Scale bars are mentioned within. The enclosed area within each image is shown at a higher magnification below it. (C) Biochemical fractionation of HeLa cells followed by probing with MOF, KANSL1, KANSL3 and MCRS1 specific antibodies. Quality of each fractionation was confirmed by observation of well-known marker proteins for each fraction; cytosol (GAPDH), mitochondria (TOM20, CYT-C) and nucleus (H3, HP1). Triangles denote specific protein band and a cross is added to indicate isoform or post-translationally modified version of the protein. Asterisks mark unknown bands enriched predominantly in mitochondrial purifications. (D and E) Knockdown experiments followed by western blots to show specificity of MOF, KANSL1 and KANSL3 antibodies. The specificity of the annotated bands for each antibody was determined by observing loss of signal upon depletion of the respective protein. All experiments were performed in parallel after 3.5 days of siRNA treatment. Triangles denote specific bands (knockdown sensitive). For, MOF additional cross denotes an isoform or post-translationally modified version, mentioned before in Figures 1D and S1C . 
